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ABSTRACT 
 
Post-tensioned (PT) bridge systems have been used for many years and are 
generally favored by contractors and engineers. This is because they are economical, can 
be used for long spans, increase the structural capacity, and are fairly easy to construct.  
In these systems, the structural integrity of the PT tendons is critical.  To protect the steel 
strands, a cementous grout material is injected into the ducts.  However, the presence of 
grout voids in the tendons combined with the ingress of chlorides allows for corrosion of 
the steel strands.  Additionally, the use of low-quality grout can cause extreme local 
pitting.  This corrosion has a detrimental effect on the structural integrity of the bridge 
girder.  Numerous tendon failures have occurred world-wide which have been attributed 
to these grout defects.  The condition of the PT tendons must be monitored to ensure 
public safety.  This research investigates the use of ultrasonic tomography (UST), 
ground penetrating radar (GPR), and infrared thermography (IRT) to evaluate the grout 
condition of internal PT tendons.  
A 75-ft (22.86 m) bridge girder was constructed at the Texas A&M Riverside 
Campus.  A complex defect design was developed and implemented.  The defects 
include grout voids and water-filled cavities of varying sizes, as well as several grout 
conditions, including soft grout, unhydrated grout, and gassed grout. To test the 
capabilities and limitations of the various non-destructive testing (NDT) techniques, both 
metal and plastic ducts were utilized.  The results suggest that UST may be able to 
identify sizeable water-filled cavities when metal ducts are utilized. However, strong 
 iii 
 
reflections from plastic ducts make the grout defects unidentifiable.  While GPR is able 
to detect the duct location, it is unable to identify any grout defects, regardless of the 
duct material.  The internal ducts are embedded too deep into the girder walls for IRT to 
detect grout voids within the tendons.  However, it showed promising results when 
inspecting the end caps, correctly identifying nearly 95% of grout voids in the anchorage 
regions. 
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NOMENCLATURE 
 
PT Post-tensioned 
NDT Non-destructive Testing 
CT Computerized Tomography 
IE Impact Echo 
UPE Ultrasonic Pulse Echo 
UPV Ultrasonic Pulse Velocity 
UST Ultrasonic Tomography 
DPC Dry Point Contact  
GPR Ground Penetrating Radar 
IRT Infrared Thermography 
HDPE High-density polyethylene 
FFT Fast Fourier Transform 
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CHAPTER I 
INTRODUCTION 
 
1.1 Background Information 
Post-tensioned (PT) systems have been widely used in bridge construction since 
the late 1950’s (Tinkey et al., 2007).  They are favored by designers and contractors 
because they are economical, can be used for long spans, increase the structural capacity, 
and are fairly easy to construct (Im et al., 2012).  Concrete specimens usually fail in 
tension, as its tensile strength is only about 10% of its compressive strength.  PT systems 
become advantageous because they put the regions of the structural element which will 
experience tensile stresses into compression (Nurnberger, 2002).  This is accomplished 
by placing tendons in ducts during construction.  Some of these ducts may be internal, 
and some may be external. Once the concrete has hardened, the tendons are pulled into 
tension, resulting in a compressive force in the concrete element (Im et al. 2012, 
Nurnberger 2002). 
It was once believed that PT systems are maintenance free with a service life of 
120 years (Martin et al., 2001).  However, this is not necessarily the case.  While the PT 
strands are placed in ducts and cementous materials are grouted around the regions 
between the strands, this has not completely prevented incidences of corrosion.  This 
corrosion has a detrimental effect on the structural capacity of PT bridges (Im et al., 
2012).  Minh et al. (2007) investigated the effect of tendon corrosion on the load 
carrying capacity of PT beams.  The results of their study reveal that corrosion of the PT 
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strands causes a considerable decrease in the pre-stressing force of the tendons.  
Additionally, corrosion of the tendon duct decreases the bond between the concrete and 
the duct and significantly reduces the load carrying capacity (Minh et al., 2007).  In fact, 
“a 25% reduction in strand capacity can result in 50% or more reduction in the live load 
carrying capacity of a bridge”; this has led some researchers to develop models assessing 
the residual strength of deteriorating PT bridges while others try to evaluate the 
condition of the strands (Cavell et al. 2001, Gardoni et al. 2009, Mietz et al. 2007). 
The corrosion has been attributed to two sources.  The first is segregated cement 
grout.  It has been well documented that strands in contact with segregated grout 
containing a “white, unhardened paste”, an exudation product of cement grout, 
experience deep penetrating corrosion.  The high levels of water, high content of 
sulphate ions, and high pH (in the order of 13 or 14) is extremely corrosive to the steel 
strands (Bore et al. 2010, Carsana et al. 2014).  The severe local corrosion causes pitting 
and stress concentration in these notches which can lead to a sudden and brittle fracture 
of the PT strands (Nurnberger, 2002).  In one instance, it caused an external tendon to 
rupture in less than two years after construction (Bore et al. 2010, Carsana et al. 2014). 
The second, more prominent, cause for corrosion is the presence of grout voids. 
These voids are formed by “entrapped air pockets, grout bleeding, improper grouting, or 
all three” (Im et al., 2010).  Voids can arise if the air vents are shut off before the duct is 
completely filed with grout or as entrapped air moves to the high points of the duct, 
which are usually located near the anchorage zones (Cavell et al., 2001).  In other 
instances, water bleeds from the grout, enters the space between the wire strands, and 
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moves towards the anchorage regions, where it collects and evaporates (Hansen, 2007).  
Regardless of how they are formed, these voids cause two problems.  For one, the 
strands are unprotected and therefore susceptible to corrosion, particularly from the 
ingress of chlorides at the anchorage zones (Cavell et al., 2001).  These chlorides come 
from various sources including de-icing road salts or seawater (Nurnberger, 2002).  In 
Japan, the chlorides come from airborne salt from the sea and from the sand used to 
make the concrete itself (Minh et al., 2007).  Secondly, a grout void does not allow for 
proper redistribution of stress.  That is, if a strand breaks, its load cannot be properly 
transferred to the other strands without proper grouting (Martin et al., 2001).  
The first catastrophe was the collapse of the Bricton Meadows Footbridge in the 
UK in 1967.  Then in 1985, the Ynys-y-Gwas Bridge in Wales collapsed, only six 
months after a safety inspection revealed no signs of distress.  Both of these failures 
have been attributed to the corrosion of the tension strands in the presence of grout voids 
(Tinkey et al., 2007).  Immense concern over the safety of PT bridges in the UK caused 
the Department of Transport to ban their construction from 1992 until 1996 (Cavell et 
al., 2001).  In the United States between 1999 and 2000, the Niles Channel Bridge, the 
Mid-Bay Bridge, and the Sunshine Skyway bridge all experienced corrosion induced 
tendon failures.  These failures were attributed to the presence of moisture and chlorides 
inside voids.  These failures occurred when the bridges were still quite new, only 16, 8, 
and 13 years after construction, respectively (Cavell et al., 2001).  Inspections revealed 
that tendon problems existed in at least 17 additional bridges in Florida and several 
along the East Coast, all in use at the time (Hansen 2007, Tinkey et al. 2007).  In 2001, 
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the use of a small camera revealed voids in the tendons of the Varina-Enon Bridge in 
Virginia. However, no significant corrosion was visible.  The choice was made to fill the 
voids with a new high-performance grout that the American Segmental Bridge Institute 
promoted in place of the old Portland cement grout, which had been used until 2000.  
The new grout was said not to bleed nor leave voids, and the repair was completed in 
2004.  In May of 2007, a repaired external tendon failed after experiencing extensive 
corrosion (Hansen, 2007).  
The growing concern over the safety of PT bridges has become world-wide.  A 
Japanese study found that 35% of their PT systems contain voids.  Another study found 
that 19% of the bridges inspected in the United States contain voids and that of the 
thousand PT bridges inspected in the UK, 30% of the ducts contained voids (Im et al., 
2010).  Over 100,000 bridges in China are in severe condition, and as of 2012, more than 
9 billion RMB ($1.2 billion) had been spent on bridge maintenance, repairs, and 
retrofitting.  Maintenance funding has reached over 200 million RMB ($26 million) per 
year (Zhi-feng et al., 2012). 
What makes the failure of PT bridges concerning is there is usually no visible 
evidence of distress prior to tendon rupture.  Visual inspections for rust stains, spalling, 
and cracking are inadequate (Im et al. 2012, Tinkey et al. 2007).  This has lead 
researchers to explore new, more effective and efficient methods to determine the grout 
condition in PT tendons and assess the condition of the strands.  This is essential in order 
to evaluate the structural integrity of the deteriorating PT bridges and ensure public 
safety. 
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1.2 Research Objectives 
The objectives of this research are: 
• Determine which non-destructive testing (NDT) methods are suitable for 
the identification of grout voids in internal PT ducts (both metal and 
plastic) 
• Conduct a blind test in the field using each of the selected methods 
• Evaluate the overall performance of each of the selected methods 
 
While various NDT methods exist, they may not all be applicable to internal PT 
duct inspection.  Thus, it will be necessary to review the literature and determine which 
methods show promise.  Several factors will be considered when selecting methods for 
further investigation.  These include: reliability, safety, availability of the equipment, 
measurement speed, ease of application, and originality. 
 
1.3 Organization of Thesis 
This thesis is divided into seven chapters. Chapter I gives a background into PT 
systems and the problems arising from strand corrosion, states the objectives of this 
research, and defines the structure of the thesis.  Chapter II provides a literature review 
of several NDT methods which may be applicable to internal PT duct inspection and the 
previous research that has been conducted.  Chapter III identifies the methods selected 
for further inspection and details both the chosen equipment and the test specimen.  The 
results of the in-field tests are given in Chapter IV, Chapter V, and Chapter VI.  Chapter 
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IV details the procedure and results using Ultrasonic Tomography, while Chapter V and 
Chapter VI detail the results using Ground Penetrating Radar and Infrared 
Thermography, respectively.  Chapter VII presents the conclusions from the research 
and offers areas for further investigation. 
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CHAPTER II 
LITERATURE REVIEW 
 
2.1 Introduction 
While both internal and external tendons are subject to the detrimental effects of 
grout voids, the internal tendons pose an added element of difficulty, as they are 
completely encased in concrete.  That is, not only are the stands hidden from view, but 
the ducts themselves are not visible either.  This chapter explores various non-
destructive testing (NDT) procedures considered by researchers and reviews some of the 
research that has been conducted to investigate the condition of internal PT tendons. 
Although specifically interested in investigating external PT tendons, several of 
the NDT methods reviewed by Im et al. (2010) could be applicable for internal tendon 
inspection.  These include the Computerized Tomography Technique, Impact Echo 
Technique, and Ultrasonic Technique.  Other methods to consider include the Ground 
Penetrating Radar Technique and the Infrared Thermography Technique. 
 
2.2 Computerized Tomography Technique 
The Computerized Tomography (CT) method uses x-ray or gamma-ray to obtain 
a cross-sectional image of a specimen.  The use of gamma-rays to inspect concrete 
specimens was first reported by Mullins and Pearson in 1949 (Frigerio et al., 2004).  
Since that time, however, great advancements have been made in the field of 
radiography.  The old method required the use of sensitive photographic film to detect 
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the gamma rays, which then had to undergo a time-consuming chemical development 
process.  However, computerized tomography utilizes reusable image plates that are read 
by a scanner.  This means that the data are available digitally without the use of a 
chemical development process.  Additionally, the CT method “provides a superior range 
of detectable gamma ray intensities and higher detection efficiency” (Mariscotti et al., 
2009).  This increases safety as it decreases the radiation exposure times and allows 
researchers to use a weaker, lower energy source.   
Because the CT method provides an internal image of the test specimen and is 
extremely precise, it is considered superior to other NDT methods.  In fact, it can 
determine the diameter and location of reinforcement with 1/32 in. (0.79 mm) and 3/8 in. 
(9.53 mm) precision respectively (Frigerio et al., 2004).  Because the absorption of 
gamma-rays is sensitive to density, the corrosion of steel reinforcement can be identified 
in gammagraphies.  Mariscotti et al. (2009) has applied the CT method to hundreds of 
cases to both characterize reinforcement and determine its condition.  However, not only 
has the CT method been used to determine the internal structure of bridge beams and 
identify rebar, corrosion, and honeycombing, but it has also been used to inspect PT 
tendons (Frigerio et al. 2004, Mariscotti et al., 2009).   
Pimentel et al. (2010) conducted a gammagraphic study to inspect the PT tendon 
condition of the N.S. da Guia Bridge.  While they were unable to identify any grout 
defects, wire breaks, or section loss, they were able to determine the size of both the 
ducts and the individual strands.  However, other researchers have obtained much more 
promising results. Mariscotti et al. (2008) inspected a PT girder from the Zarate bridge 
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in Argentina.  The girder was inspected using gamma rays from a 93Ci192Ir source.  
Researchers were able to identify four grouting voids and estimate their sizes.  The 
Regional Transport Research Laboratory (LRPC) in France has had such success with 
gammagraphy, that it is considered the established, reliable NDT method with which to 
determine grout quality and condition.  In fact, when the LRPC obtained a PT beam 
from the Pont Neuf bridge in France and sought to investigate the capabilities of other 
NDT methods, they used gammagraphy to identify regions for further inspection 
(Dérobert et al., 2002).  
According to Tinkey and Olson (2007), radiography is the oldest, most 
successful technique in assessing grout condition.  However, despite the advances in 
radiography, this method still suffers from many disadvantages.  The technique is not 
ideal for in the field testing, as the test area is usually small, making the inspection very 
time consuming.  Public safety is also a concern, as it requires the use of radiation 
protection, and the technique usually requires access to both sides of the specimen, 
making its application impractical (Dérobert et al. 2002, Im et al. 2012, Im et al. 2010, 
Tinkey et al. 2007). 
 
2.3 Impact Echo Technique 
The Impact Echo (IE) technique involves dynamically exciting a concrete 
structure by striking it with a small mechanical impactor.  The reflected wave energy is 
then measured with the use of a displacement transducer (Tinkey et al., 2007).  If the P-
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wave speed in the specimen 𝐶𝐶𝑝𝑝 is known, the echo depth 𝑇𝑇 can be computed by the 
following equation: 
𝑇𝑇 = 0.96𝐶𝐶𝑝𝑝 ∆𝑡𝑡2           (1) 
 
where ∆𝑡𝑡 is the travel time from the initiation of the pulse to the arrival of the first P-
wave reflection (Carino et al., 1992) 
Using a Fast Fourier Transform (FFT), the displacement information collected in 
the time domain can be converted to the frequency domain.  It has been observed that a 
shift downward in the thickness resonance frequency (𝑓𝑓𝑇𝑇 = 1/∆𝑡𝑡) or similarly, an 
increase in the apparent echo depth, 𝑇𝑇, is indicative of grout voids.  That is, the grout 
void acts a hole, decreasing the stiffness of the specimen and therefore decreasing the 
dominant peak frequency (Abraham et al. 2011, Jaeger et al. 1996, Jaeger et al. 1997, 
Tinkey et al. 2007).  Plots can be generated using the echo depth calculated using 
Equation (1).  
The IE method shows promise, as it “produces a better noise to signal ratio than 
other ultrasonic techniques because of its low attenuation in composite materials” (Im et 
al., 2010).  However, the method is rather time consuming, and it is incapable of 
identifying voids partially filled with water (Im et al., 2010).  Im et al. (2012) found that 
IE can be ineffective in detecting grout voids if an imperfect bond exists between the 
HDPE ducts and the grout, as these small discontinuities obstruct the elastic waves.  This 
result is attributed to the type of grout utilized.  In an effort to explore the effect of grout 
bleeding, Class A grout was employed in this research.  However, the corresponding 
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grout shrinkage can leave tiny gaps between the ducts and the grout and prevent the 
propagation of the elastic waves (Im et al., 2012).  Other researchers have had some 
success when investigating internal ducts with this technique.   
Carino and Sansalone (1992) conducted a small feasibility study on a 19.7-in. 
(0.5-m) thick concrete slab.  A 3.94-in. (100-mm) diameter metal duct was placed in the 
slab with a concrete cover of 5.91 in. (150 mm).  Half of the duct was filled with grout 
while the other half remained hollow.  The location of the voided duct was 
experimentally calculated to be 5.12 in. (130 mm) from the top surface (Carino et al., 
1992).  To explore the limitations of the IE method, they then tested a 39.37-in. (1-m) 
thick concrete slab containing seven metal ducts.  This specimen contained voids which 
were relatively small compared to the duct depth, used close spacing of ducts, 
overlapping ducts, and three layers of rebar.  However, despite the extreme testing 
conditions and some discrepancies between the experimental results and the actual test 
specimen, the results were promising.  Abraham et al. (2011) observed similar results 
while also exploring the frequency shift due to the local stiffness of a specimen, the 
effect of thick walled ducts, and epoxy-filled ducts.   
Jaeger et al. (1996) took a slightly different approach, conducting both numerical 
and experimental studies to determine if the IE method could be used to identify partial 
and complete grout voids.  The researchers sought to understand the interaction between 
PT tendons and the transient stress wave.  Ultimately, they determined that a thin metal 
PT duct is transparent to incident waves and were able to characterize the frequency-
domain signal of a solid plate, a grouted duct, and an ungrouted duct.  The researchers 
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then used these observations to conduct a field test on a PT bridge.  Of the 14 steel 
tendon ducts inspected, the IE method found that eleven were completely grouted and 
that three contained grout voids.  After the NDT inspections were complete, the ducts 
were physically opened, and the grout condition was visually inspected.  The IE method 
was accurate in all cases.  However, one of the ducts which was identified to have a 
grout void was partially grouted; that is, the size of the void was unknown until 
physically opening the duct (Jaeger et al., 1997). 
The main disadvantage to IE is the testing speed (Carino et al. 1992, Im et al. 
2010).  To address this issue, Tinkey and Olson (2007) developed a rolling scanner 
which allows for “rapid testing”.  If the test specimen is smooth, no coupling agent is 
required.  This scanner was used to scan two specimens.  The first was a 100-ft (30.48-
m) mock-up U-shaped bridge girder containing eight steel ducts.  Grout voids of varying 
sizes were simulated using stepped and tapered Styrofoam rods.  Again, there was fairly 
good agreement between the experimental results and the true defect design.  There were 
some discrepancies, as a few voids were identified where they were not intentionally 
placed.  Similarly, there were regions that appeared fully grouted where Styrofoam voids 
were placed.  However, in general, the results were impressive.  Grout voids as small as 
9% depth loss (20% circumferential diameter loss) were able to be identified in a 4-in. 
(101.6 mm) steel duct.  The authors suggest using x-ray to verify the realization of the 
defect design and to explain any of these discrepancies.  The second specimen was a 
mock-up slab which contained eleven metal ducts.  The condition of the ducts varied 
greatly.  These differences included the size of the duct, the amount of concrete cover, 
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the size of defects, and the number of wire strands.  The results from scanning the slab 
were similar, and revealed two limitations of the IE method.  The greater the concrete 
cover, the harder the defects are to detect, particularly when the ducts are small.   
 
2.4 Ultrasonic Technique 
Ultrasonic techniques are acoustic methods which use sound waves with a 
frequency of 18 kHz and higher (Im et al., 2012).  The elastic waves travel through a 
medium by the progressive vibration of particles (Hoegh, 2013).  Regardless of which 
method is utilized, the basic premise is as follows: A transducer generates a stress pulse 
which travels through the specimen and interacts with its internal structure.  The wave is 
reflected at material interfaces due a change in density, or similarly the acoustic 
impedance.  The amount of reflection is directly related to the acoustic impedance 
differential between the two materials; that is, the greater the contrast, the greater the 
reflection.  A transducer, acting as a receiver, then records the reflected wave.  Using the 
time-of-flight of the ultrasonic pulse, information about the specimen’s internal 
condition can be assessed (Hoegh, 2013).  
There are several types of ultrasonic testing systems.  The Ultrasonic Pulse Echo 
(UPE) method uses a single transducer which acts as both the transmitter and receiver, 
whereas the Ultrasonic Pulse Velocity (UPV) method employs two transducers.  One 
transducer acts as the transmitter and the other as the receiver (Im et al., 2010).  The 
orientation of the transducers can be direct, semi-direct, or indirect, as detailed in Figure 
2-1. 
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(a) Direct (b) Semi-Direct 
 
(c) Indirect 
 
Figure 2-1: UPV Transducer Orientation (Hoegh, 2013) 
 
However, there are numerous issues that arise using the traditional UPV method, 
as the results are highly sensitive to small shifts in the locations of the transducers.  This 
has led to the development of ultrasonic array technology.  This alleviates some of the 
issues with the ultrasonic technique, as it provides consistency in transducer pair spacing 
and reduces signal variability, thus improving the reliability of test results (Hoegh, 
2013).  Ultrasonic Tomography (UST) involves “measuring the time-of-flight of an 
ultrasonic pulse along many ray paths” through a specimen (Martin et al., 2001).  The 
mathematical theory dates back to 1917 and shows that the internal characteristics of a 
specimen can be reconstructed, given a complete set of projections through the object 
(Martin et al., 2001).    
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To test the plausibility of using ultrasonics to identify grout voids in external PT 
tendons, Im et al. (2012) set up 16 test specimens.  The pitch-catch method of UPV was 
utilized, in which the transmitting and receiving transducers are on the same side of the 
specimen.  This is also known as the indirect method and is illustrated in Figure 2-1c.  
Ultimately, this method has proven impractical and inefficient in testing external ducts 
for grout voids, as it was incapable of differentiating between voids and tiny gaps caused 
by an imperfect bond between the grout and HDPE duct.  These results are attributed to 
the type of grout used in the experiments and the corresponding shrinkage.  Additionally, 
traditional piezoelectric contact transducers require the use of a couplant, and the UPV 
method can be quite time consuming (Im et al., 2010).  Other ultrasonic studies 
conducted on internal PT ducts, however, show promise. 
Martin et al. (2001) used UST to test a beam containing two 3.94-in. (100-mm) 
metal PT ducts.  A tomographic grid was set up on the sides and top surface of the beam 
using numerous transducers spaced 3.94 in. (100 mm) apart.  Cross-sectional images 
were obtained at three points along the length of the specimen.  This experiment yielded 
fairly good results.  However, the author notes the need for a more refined test grid, 
requiring even more transducers (Martin et al., 2001).  Although the method employed 
by Martin et al. (2001) yielded good results, the procedure does suffer a few 
disadvantages.  Mainly, the need for many transducers makes it expensive.  However, 
UST is believed to be a promising method provided some of the limitations be 
addressed.   
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One of the main limitations of ultrasonic methods is the requirement of a 
coupling agent. A liquid couplant is often utilized between the transducer and specimen 
to assist in the transmission of the elastic wave, which cannot propagate through air 
efficiently.  The development of low frequency, dry point contact (DPC) transducers has 
not only eliminated the need of a coupling agent, but also allowed for greater penetration 
depths (Hoegh, 2013).  Williams (2014) used a phased-array UST device to identify 
voids, water infiltration, structural elements, cracks, and delaminations in concrete 
tunnel linings.  The transverse transducers are dry contact and the results are reliable.  
This new UST device may be useful in identifying grout voids in internal PT ducts. 
 
2.5 Ground Penetrating Radar Technique 
Ground Penetrating Radar (GPR) has proven to be a reliable NDT method with 
various applications in the civil engineering field.  It has been successfully used in 
concrete void detection and the inspection of concrete linings (Williams 2014, Zhi-feng 
et al. 2012).  GPR functions as follows: Electromagnetic waves are emitted from a 
transmitter antenna; the waves travel through the specimen, and are reflected at material 
interfaces due to a change in dielectric properties.  The reflected waves are then detected 
by a receiver antenna.  The amount of the wave that is reflected at the material interface 
depends on the contrast in the dielectric permittivity of the two materials.  That is, the 
greater the contrast, the greater the reflection.  The reflection coefficient, 𝑅𝑅, can be 
computed as: 
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𝑅𝑅 = 𝑣𝑣2−𝑣𝑣1
𝑣𝑣2+𝑣𝑣1
= √𝜀𝜀2−√𝜀𝜀1
√𝜀𝜀2+√𝜀𝜀1
      (2) 
 
where 𝑣𝑣1 and 𝑣𝑣2 are the radiowave velocities of Material 1 and Material 2 
respectively and 𝜀𝜀1 and 𝜀𝜀2 are the respective relative dielectric permittivities (Zhi-feng et 
al., 2012). 
From Equation (2), it is apparent that the reflection coefficient can be negative or 
positive.  If the wave travels from a medium with a higher dielectric constant to one with 
a lower dielectric constant, the reflection coefficient is negative.  This corresponds to a 
phase change of the electromagnetic wave upon reflection.  This occurs, for example, if 
the wave travels from concrete to air (i.e. a void is detected).  If the wave travels from a 
material with a lower dielectric permittivity to a material with a higher dielectric 
permittivity, then the wave experiences no phase change and the reflection coefficient is 
positive.  This occurs if the wave travels from concrete to steel (i.e. rebar is detected).  
Thus, the sign of the reflection coefficient can be used to identify objects within a 
specimen (Zhi-feng et al., 2012). 
Zhi-feng et al. (2012) experimented with GPR to test for grout voids in internal 
PT ducts.  A small scale test specimen was created which contained both a plastic and a 
metal duct, 3.94 in. (100 mm) in diameter.  The concrete cover was 1.96 in. (50 mm).  A 
variety of soft foams were used to simulate grout voids.  Ultimately, the researchers 
were able to identify the presence of voids in the plastic ducts.  However, the voids in 
the metal ducts were not able to be identified as they produced “great electromagnetic 
shielding functions” which prevented the electromagnetic waves from propagating into 
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the ducts (Zhi-feng et al., 2012).  Because most PT bridges constructed before the mid 
1990’s were constructed using metal ducts, this could limit the application of GPR 
(Martin et al., 2001).   
Pollock et al. (2008) also investigated the plausibility of using GPR to identify 
PT tendons and voids.  Using a 1.5 GHz GPR system, they scanned 14 specimens 
varying in thickness. Ultimately, they were unable to identify any of the simulated voids 
in the steel ducts, consistent with previous research. However, the general location of the 
steel ducts, their size, and depth in the specimen were all accurately determined.  The 
plastic ducts were identifiable, as were the simulated voids, given that the voids were 
oriented properly; that is, if the voids were located between the steel strands and the face 
of the specimen, as in Figure 2-2a, they were identifiable.  However, if the voids were 
oriented as in Figure 2-2b, where the voids were adjacent to the steel strands, they were 
undetectable.  
  
(a) Identifiable Void Orientation (b) Unidentifiable Void Orientation 
 
Figure 2-2: GPR Void Orientation (Pollock et al., 2008) 
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Pollock et al. (2008) also note that the location of the ducts immensely effects 
whether or not they are detectable.  The deeper the ducts are embedded, the weaker the 
reflections and the lower the image quality.  Additionally, if the ducts are located too 
close to the top layer of reinforcement, it might have a “masking effect” on the detection 
of voids (Pollock et al., 2008). 
 
2.6 Infrared Thermography Technique 
Infrared Thermography (IRT) is a very rapid NDT method that has been used in 
various civil applications, from inspecting bridge decks to concrete tunnel linings. 
Thermal imaging cameras can detect the thermal energy emitted from a specimen and 
convert it into an electrical signal, producing a thermal image (Pollock et al., 2008).  The 
hotter an object is, the more infrared radiation it emits.  As heat propagates through a 
specimen, any defects or voids will affect the transfer of thermal energy, as they have 
different rates of heat conduction than the surrounding concrete (Pollock et al., 2008).  
This will cause surface temperature variations which will be visible in the thermal image 
(Musgrove 2006, Williams et al. 2015).   
A temperature gradient through the thickness of the specimen is mandatory for 
the IRT technique, as it induces the heat flow (Musgrove, 2006).  There are various heat 
sources which can be utilized to obtain the required temperature gradient.  These include 
the use of heating blankets, infrared heaters, and solar energy. 
Musgrove (2006) used infrared thermography to detect PT tendons and simulated 
voids in concrete specimens.  Eight rectangular concrete specimens were constructed, 
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each measuring 40 in. (1016 mm) by 64 in. (1625.6 mm). These slabs varied in 
thickness, duct material, concrete cover, and the number of steel strands and voids per 
duct.  Before conducting any experiments, he developed 2-dimensional finite element 
models of heat flow through the cross-section of each specimen.  He considered both 
insulated and uninsulated boundary conditions with temperature loading on a single 
surface.  He also created models with and without voids to quantify the effect voids have 
on surface temperature.  These models would provide the required thermal conditions 
necessary to detect tendons and voids.   
According to the finite element models, detecting tendons in a 16 in. (406.4 mm) 
thick specimen would require an applied temperature of at least 500ºF (260ºC) or a 
temperature gradient of 425ºF (236ºC). Because of these extreme temperature 
requirements, Musgrove (2006) decided to conduct physical experiments on only the 8 
in. (203.2 mm) and 12 in. (304.8 mm) thick specimens.  He considered three different 
heat sources, including solar energy, electric silicone rubber flexible heating blankets, 
and an infrared heater.   
Ultimately, Musgrove (2006) was able to detect tendons and voids in the 8 in. 
(203.2 mm) specimens with a temperature differential of 20ºF (11.1ºC) given that the 
concrete cover was less than 2 in. (50.8 mm). HDPE ducts with low amounts of steel and 
steel ducts with large amounts of steel were the easiest to detect due to the large change 
in thermal conductivity.  HDPE ducts with large amounts of steel were difficult to detect 
because the higher thermal conductivity of the steel is offset by the low thermal 
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conductivity of the plastic duct.  Steel ducts with small amounts of steel were also 
difficult to detect. 
The 12 in. (304.8 mm) thick specimens required much higher temperature 
gradients in order to detect tendons and voids.  The only tendons that were detectable 
were those which caused a large difference in heat flow through the specimen. Tendons 
with a cover depth up to 6 in. (152.4 mm) were detectable with a temperature gradient of 
at least 135ºF (75ºC).  At these temperatures, simulated voids could be detected with 
concrete covers of 2 in. (50.8 mm) or less. 
Pollock et al. (2008) also experimented with thermal imaging.  They considered 
three different methods. The first method was to direct an infrared heater at one face 
while recording thermal images of the unheated face.  The second method was to direct 
the infrared heater at one face and take thermal images of the heated surface.  The third 
method utilized solar energy, and thermal images were taken of the heated surface.  Ten 
rectangular specimens were inspected using the methods described above.  These 
specimens varied in thickness, duct material, concrete cover, and the number of steel 
strands and voids.   
Simulated voids were detectable in the 8 in. (203.2 mm) specimens.  The first 
method was most successful, identifying every tendon and most voids.  The third method 
also provided some useful results, identifying voids two of the three times it was 
utilized.  However, while the PT tendons were usually detectable in the 12 in. (304.8 
mm) specimens using the first method, a void was detected in only one instance.  
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Pollock et al. (2008) also discovered that the orientation of the void was critical to its 
detection.  Images of the two different void orientations appear in Figure 2-3. 
 
(a) Unidentifiable Void Orientation (b) Identifiable Void Orientation 
 
Figure 2-3: Void Orientation (Pollock et al., 2008) 
 
Only the voids orientated as in Figure 2-3b were detectable, when the void was 
positioned between steel tendon and the infrared camera.  Voids orientated as in Figure 
2-3a were not detectable because “the heat could bypass the voids by propagating though 
the adjacent tendons” (Pollock et al., 2008). 
Additionally, Pollock et al. (2008) were only able to detect simulated voids in 
plastic ducts; that is, none of the simulated voids in steel ducts were identified.  It is 
believed that most of the heat is transferred through the steel ducts, bypassing the 
simulated void.  This observation seems consistent with the results obtained by 
Musgrove (2006); when steel ducts were utilized, simulated voids were only detected in 
one instance. 
Pollock et al. (2008) inspected a PT concrete box girder with 12 in. (304.8 mm) 
thick walls using both the first and second testing methods.  Despite the success in the 
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small scale studies, none of the PT ducts were visible in the box girder.  The thicker 
concrete makes it difficult to obtain a sufficient temperature gradient between the heated 
and unheated surfaces.  The heat not only propagates through the wall thickness, but also 
along the length and height of the specimen.  While this allows surface conditions to be 
evaluated, the internal conditions cannot be determined (Pollock et al., 2008). 
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CHAPTER III 
CHOSEN NDT METHODS AND TEST SPECIMEN 
 
3.1 Chosen NDT Methods 
Of the reviewed methods, three were selected for further exploration.  These 
include Ultrasonic Tomography, Ground Penetrating Radar, and Infrared Thermography.  
These methods have proven to be reliable, safe, and easy to implement.  Additionally, 
these methods can be executed with reasonable inspection times.  GPR is not terribly 
time consuming nor is UST when compared to traditional ultrasonic methods.  
Furthermore, Infrared Thermography is an extremely quick inspection technique. 
 
3.2 Equipment 
The MIRA 1040A Ultrasonic Tomographer has been selected to implement the 
ultrasonic testing, shown in Figure 3-1a.  The device has a 4 by 12 array of low-
frequency broadband transverse transducers.  These transducers are dry contract, have 
wear-resistant ceramic tips, and are spring loaded. Each row of transducers progressively 
emits shear waves while the remaining rows function as receivers.  This process is 
illustrated in Figure 3-1b.  The ultrasonic waves are reflected at the material interfaces 
due to a change in acoustic impedance.  The device has a built-in computer that 
processes the data using the synthetic aperture focusing technique with combinational 
sounding (SAFT-C).  This produces a 2D scan during operation.  For further inspection, 
a 3D volumetric view of the data can be obtained by using the IDEALviewer software.  
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The operational frequency can be set to 25 kHz, 50 kHz, or 80 kHz, and the device can 
scan up to a depth of 8.20 ft (2.5 m).  The A1040 MIRA is intended for monolithic 
concrete inspection and has been used for numerous applications, including the 
identification of voids, rebar, cracks and substance filled cavities (Ultrasonic 
Tomograph). 
 
 
(a) 
MIRA A1040 Device 
(Низкочастотный)  
(b) 
Wave Projections  
(Ultrasonic Tomograph) 
 
Figure 3-1: MIRA A1040 Ultrasonic Tomographer 
 
The GSSI StructureScan Mini HR device has been chosen to implement the GPR 
technique, shown in Figure 3-2.  It has a 2600 MHz antenna which allows it to penetrate 
16 in. (406.4 mm) into a concrete specimen with good resolution.  Two-dimensional line 
scans are available while scanning.  These scans can be post processed and combined 
using the companion RADAN software to produce a 3-dimensional volumetric solid of 
the specimen.  A researcher can then step through the specimen in any direction to view 
slices of the interior cross-section (Ground Penetrating Radar). 
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Figure 3-2: GSSI StructureScan Mini HR Device (StructureScan Mini HR)  
 
The last piece of equipment is the FLIR T640 Infrared Thermographer, shown in 
Figure 3-3.  It was chosen for its broad temperature range and accuracy.  It can detect 
temperatures in the range of -40oF to 3632oF with an accuracy of 2% or 3.6oF, whichever 
is larger.  Once the thermal images have been collected, the FLIRTools+ software can be 
used for post-processing the data (FLIR T-Series). 
 
 
 
Figure 3-3: FLIR T640 Device (FLIR T640) 
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3.3 Test Specimen 
In order to test the effectiveness of the NDT methods, a 75-ft (22.86-m) long U-
shaped bridge girder was constructed.  A photograph of the constructed bridge girder 
appears in Figure 3-4, and the detailed construction drawings appear in Figure 3-5.  The 
girder is 13 ft 9 in. wide and 6 ft 1 in. tall from the base of the slab to the top of the 
flange.  The walls are typically 12 in. thick and the flanges overhang the outside walls by 
10.5 in.  The anchorage zones at each end are 6 ft long and contain standard sized access 
holes measuring 3 ft high by 2 ft 4 in. wide.  The deviators are 10 ft wide, 4 ft long, and 
16 in. high.  The girder is simply-supported at its ends by two pedestals, each measuring 
1 ft 6 in. above the work slab.  Bearing pads are utilized between the pedestals and the 
girder. 
 
 
Figure 3-4: Mock-up Bridge Specimen 
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Figure 3-5: Girder Construction Details 
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Twenty PT ducts were utilized and are distributed as follows: six are external, 
four are located in the slab, two are located in each flange, and three are located in each 
girder wall.  The external ducts and those in the walls of the specimen each contain 19 
PT strands.  The ducts in the slab and flange each consist of twelve PT strands.  Each 
strand is 0.6 in. (15.24 mm) in diameter and consists of seven wires.  The concrete cover 
for the internal ducts in the girder web is approximately 4 in., although it varies near the 
anchorage zones. 
To test the effect of duct material on the NDT methods, both metal and high-
density polyethylene (HDPE) ducts were utilized.  The external tendons (T15, T16, T17, 
T18, T19, and T20) all have smooth 4-in. HDPE ducts with metal duct sections inside 
the deviator and anchorage regions.  Conversely, corrugated ducts were utilized for all 
internal tendons, although they vary in material and size.  The internal tendons on the 
North side of the specimen consist of metal ducts, while the tendons on the South side of 
the specimen have HDPE ducts.  The duct specifications by tendon are detailed in Table 
3-1. 
 
Table 3-1: Internal Duct Specification by Tendon 
 
Tendon (T) # Location Material 
Inner 
Diameter,  
in. (mm) 
Outer 
Diameter,  
in. (mm) 
Thickness, 
in. (mm) 
T1/T2 South Flange Plastic 3.0 (76.2) 3.6 (91.4) 0.1 (2.5) 
T6/T7 South Slab Plastic 3.3 (83.8) 3.9 (99.1) 0.1 (2.5) 
T3/T4/T5 South Web Plastic 3.9 (99.1) 4.5 (114.3) 0.1 (2.5) 
T13/T14 North Flange Metal 3.1 (78.7) 3.3 (83.8) - 
T8/T9 North Slab Metal 3.6 (91.4) 3.8 (96.5) - 
T10/T11/T12 North Web Metal 4.0 (101.6) 4.2 (106.7) - 
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A complex defect design was developed and implemented.  The defects include 
grout voids and water filled cavities of varying sizes, as well as several grout conditions, 
including soft grout, unhydrated grout, and gassed grout.  Table 3-2 details each grout 
defect and gives its identifying marker. 
 
Table 3-2: Grout Defect Marker and Description 
 
Marker Type of Defect Description of Defect 
V1 Small Void Approximately 50 cubic inches (or 1/4 void) 
V2 Medium Void Approximately 100 cubic inches (or 1/2 void) 
V3 Large Void Approximately 150 cubic inches (or 3/4 void) 
V4 Full Void Approximately 200 cubic inches (or full void) 
GS1 Soft Grout Approximately 100 cubic inches (or 1/2 compromised grout) 
GS2 Soft Grout Approximately 200 cubic inches (or fully compromised grout) 
GU1 Unhydrated Grout Approximately 100 cubic inches (or 1/2 compromised grout) 
GU2 Unhydrated Grout Approximately 200 cubic inches (or fully compromised grout) 
GG Gassed Grout Approximately 200 cubic inches (or fully compromised grout) 
W1 Small amount of water Approximately 50 cubic inches (or 1/4 water) 
W2 Large amount of water Approximately 150 cubic inches (or 3/4 water) 
W3 Full amount of water Approximately 200 cubic inches (or full water) 
 
In addition to grout defects, various amounts of corrosion and section loss were 
also included for future research.  These defects are detailed in Table A-1 of Appendix 
A.  The defect keys in Figure 3-6 show the types and location of defects for all internal 
tendons.  Note that no defects were included in the slab tendons T6, T7, T8, and T9.
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(a) North Wall: Tendons T10, T11, T12 
 
(b) South Wall: Tendons T3, T4, T5 
 
(c) Flange (plan view): Tendons T1, T2, T13, T14 
 
Figure 3-6: Internal Tendon Defect Keys 
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CHAPTER IV 
ULTRASONIC TOMOGRAPHY 
 
4.1 Introduction 
Ultrasonic waves are reflected at material interfaces due to a change in acoustic 
impedance.  Consequently, ultrasonic tomography (UST) was utilized in an effort to 
identify grout defects in the internal ducts of the 75-foot post-tensioned bridge girder. 
 
4.2 Procedure 
A 1.97 x 1.97 in. (50 mm x 50 mm) grid system was applied to all regions of the 
bridge girder which were to be scanned.  This included both the internal and external 
sides of the bridge girder walls, the flanges, and the deviators.  When scanning, a 
horizontal step of 5.91 in. (150 mm) and a vertical step of 1.97 in. (50 mm) were 
utilized.  The operational frequency was set to 50 kHz, and the specimen was scanned 
with the device oriented both parallel and perpendicular to the ducts.  Because of the size 
of the specimen and the limited internal storage of the MIRA device, the data was 
collected in sections and combined afterward.  Concrete is a nonhomogeneous material, 
so to properly estimate the velocity of the shear wave emitted by the MIRA transducers, 
sample velocities were obtained and averaged for each section of the specimen. These 
velocities are documented in Table A-2 of Appendix A. 
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4.3 Girder Wall Results 
The results are presented for each wall, along with the corresponding defect keys.  
The depths of the presented scans are detailed in each caption.  It is important to note 
that the regions shown in black were not accessible.  This could be due to the physical 
limitations of the device and/or the design of the bridge specimen.   
Figure 4-1 and Figure 4-2 present the results from testing the North Wall of the 
bridge girder.  The metal ducts themselves are difficult to identify, particularly when the 
device was oriented parallel to the ducts, as in Figure 4-1c and Figure 4-2c. This is 
consistent with previous research which suggests that thin walled metal ducts are 
transparent to incident acoustic waves.  However, from these figures, it appears as 
though the A1040 MIRA is unable to consistently identify any grout defects.  In Figure 
4-1c and Figure 4-1d, higher reflections are observed between markers S (54 ft) and V 
(63 ft), suggesting that the MIRA could possibly identify sizeable water defects; 
however, further exploration is needed before this can be concluded definitively. 
The results from testing the South Wall of the bridge girder appear in Figure 4-3 
and Figure 4-4.  The device was quite successful in identifying the HDPE plastic ducts 
when the device was oriented perpendicular to the ducts as in Figure 4-3d and Figure 4-
4d.  However, the large reflections caused by the plastic ducts make the grout defects 
unidentifiable using this method. 
It should be noted that the external walls were scanned using six sections, and the 
internal walls were scanned using seven sections.  In images where the device was 
oriented parallel to the ducts, such as Figure 4-1c, the division of these sections is clearly 
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apparent, as they are marked by small vertical blue regions.  These regions correspond to 
areas with less information.  With a horizontal step of 5.91 in. (150 mm), each scan 
overlaps the previous by 8.86 in. (225 mm).  These blue regions correspond to the 
beginning of each new section and consequently to areas where there is no overlap in the 
data.  Even in scans when the device was oriented perpendicular to the ducts, i.e. Figure 
4-2d, some of the section divisions are also visible.  This could be due to a number of 
factors, including but not limited to the change in velocity from section to section or 
possibly inconsistent pressure, as multiple individuals were used to scan the specimen. 
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(a) 
 
(b) 
 
(c) 
 
(d) 
 
 
Figure 4-1: North Wall Exterior Scans – MIRA: (a) Tendon 14 Defect Key; (b) North Wall Defect Key; (c) MIRA 
Device Parallel to Ducts (Wall Scan Depth: 2.88 – 9.66 in.; Flange Scan Depth: 6.51 – 9.66 in.); (d) MIRA Device 
Perpendicular to Ducts (Wall Scan Depth: 2.88 – 9.66 in.) 
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(a) 
 
(b) 
 
(c) 
 
(d) 
 
 
Figure 4-2: North Wall Interior Scans – MIRA: (a) Tendon 13 Defect Key; (b) North Wall Defect Key; (c) MIRA 
Device Parallel to Ducts (Scan Depth: 2.88 – 9.66 in.); (d) MIRA Device Perpendicular to Ducts (Scan Depth: 2.88 – 
9.66 in.) 
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(a) 
 
(b) 
 
(c) 
 
(d) 
 
 
Figure 4-3: South Wall Exterior Scans – MIRA: (a) Tendon 1 Defect Key; (b) South Wall Defect Key; (c) MIRA Device 
Parallel to Ducts (Wall Scan Depth: 2.88 – 9.66 in.; Flange Scan Depth: 6.51 – 8.77 in.); (d) MIRA Device Perpendicular 
to Ducts (Wall Scan Depth: 2.88 – 9.66 in.) 
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(a) 
 
(b) 
 
(c) 
 
(d) 
 
 
Figure 4-4: South Wall Interior Scans – MIRA: (a) Tendon 2 Defect Key; (b) South Wall Defect Key; (c) MIRA Device 
Parallel to Ducts (Scan Depth: 4.04 – 9.66 in.); (d) MIRA Device Perpendicular to Ducts (Scan Depth: 2.88 – 9.66 in.) 
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4.4 Deviator Results 
The deviators were also scanned using the A1040 MIRA ultrasonic tomographer.  
While the ducts are identifiable, again the grout defects are not distinguishable from 
good grout.  The images in Figure 4-6, when the device is oriented perpendicular to the 
ducts do have better resolution than the images in Figure 4-5, when the device is 
oriented parallel to the ducts. This is consistent with the results of the wall scans.  
    
(a) 
Dev. 1 Defect Key 
(b) 
Dev. 1 Scan 
(c) 
Dev. 2 Defect Key 
(d) 
Dev. 2 Scan 
 
Figure 4-5: Deviator Scans – MIRA Device Oriented Parallel to Ducts 
(Dev 1 Scan Depth: 5.82 – 12.33 in.; Dev 2 Scan Depth: 5.82 – 12.33 in.) 
 
  
 40 
 
    
(a) 
Dev. 1 Defect Key 
(b) 
Dev. 1 Scan 
(c) 
Dev. 2 Defect Key 
(d) 
Dev. 2 Scan 
 
Figure 4-6: Deviator Scans – MIRA Device Oriented Perpendicular to Ducts 
(Dev 1 Scan Depth: 5.82 – 12.33 in.; Dev 2 Scan Depth: 6.17 – 11.85 in.) 
 
4.5 Summary 
Implementing the ultrasonic technique took approximately 278 hours. This 
includes applying the grid system, scanning the specimen, and processing the collected 
data.  Applying the grid to the specimen took approximately 116 hours.  The scanning 
and processing times for each orientation are detailed in Table 4-1. 
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Table 4-1: UST Scanning & Processing Times 
 
 UST Parallel UST Perpendicular 
Location 
Scanning 
Time 
(hours) 
Processing 
Time 
(hours) 
Scanning 
Time 
(hours) 
Processing 
Time 
(hours) 
North Wall Exterior (including Flange) 17.00 4.0 13.25 3.25 
North Wall Interior 17.50 4.0 11.75 3.25 
South Wall Exterior (including Flange) 19.00 4.0 11.50 3.25 
South Wall Interior 17.00 4.0 11.00 3.25 
Deviator 1 2.50 1.0 2.50 1.25 
Deviator 2 2.50 1.0 2.50 1.25 
 
 
 In analyzing the processed data, it was discovered that the MIRA A1040 
ultrasonic tomographer should be oriented perpendicular to the ducts for the best results. 
This orientation provides better quality images with higher resolution.  The equipment 
was quite successful in identifying the HDPE plastic ducts.  However, the large 
reflections caused by the plastic ducts prevent the identification of grout defects.  
Conversely, the thin walled metal ducts appear transparent to the incident acoustic wave 
and produce little to no reflection.  Consequently, the MIRA A1040 ultrasonic 
tomographer may be able to identify sizeable water defects.  Further studies to test this 
hypothesis are required.  Other forms of grout defects, including unhydrated grout, 
gassed grout, soft grout, and voids were not identifiable, regardless of the size of the 
defect. 
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CHAPTER V 
GROUND PENETRATING RADAR 
 
5.1 Introduction 
High frequency radio waves are reflected at material interfaces due to a change in 
the dielectric properties.  The size of this contrast determines the strength of the reflected 
wave.  Consequently, ground penetrating radar (GPR) seems ideal for identifying grout 
defects in internal ducts of post-tensioned bridge girders.  
 
5.2 Procedure 
The same grid system that was applied to the specimen for the ultrasonic 
tomography testing is utilized for the GPR testing.  Because of the size of the specimen, 
it was divided into several sections.  Each line, both vertical and horizontal, was scanned 
and later combined in the RADAN software.  A dielectric constant of 9 and a scan depth 
of 16 in. (406.4 mm) were selected. 
 
5.3 Girder Wall Results 
The results are presented for each wall, along with the corresponding defect keys.  
It should be noted that the depth of each scan is provided in the figure captions and that 
each wall scan has a thickness of 3.54 in. (90 mm).  Also note that any white or gray 
areas in the images were inaccessible.  This could be due to the physical limitations of 
the device and/or the design of the bridge specimen.   
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 Figure 5-1 presents the GPR results for the North Wall.  The metal ducts are 
clearly identifiable in both the interior and exterior wall scans, as they produce strong 
reflections.  However, these reflections prevent the grout defects from being identified.  
These results are consistent with those observed by other researchers as detailed in 
Chapter II.   
The South Wall results in Figure 5-2.  The plastic ducts do not provide as strong 
reflections, making them more difficult to identify.  This is especially true in the interior 
wall scan.  While in theory this would allow for the grout defects to be better observed, 
they are not discernable in these images.  This could partially be attributed to the 
orientation of the voids as reported by other researchers (Pollock et al., 2008). 
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(a) 
 
(b) 
 
(c) 
 
(d) 
 
 
Figure 5-1: North Wall Scans – GPR: (a) Flange Defect Key (Plan View); (b) North Wall Defect Key; (c) Exterior Wall 
Scan (Wall Scan Depth: 4.58 in.; Flange Scan Depth: 6.46 in.); (d) Interior Wall Scan (Scan Depth: 5.41 in.) 
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(a) 
 
(b) 
 
(c) 
 
(d) 
 
 
Figure 5-2: South Wall Scans – GPR: (a) Flange Defect Key (Plan View); (b) South Wall Defect Key; (c) Exterior Wall 
Scan (Wall Scan Depth: 4.78 in.; Flange Scan Depth: 6.08 in.); (d) Interior Wall Scan (Wall Scan Depth: 5.36 in.) 
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5.4 Deviator Results 
The deviator results appear in Figure 5-3 and are consistent with the wall data.  
The metal ducts within the deviators are clearly identifiable, but the defects themselves 
are not.  It should be noted that the deviator scans are 1.77 in. (45 mm) thick and that the 
gray regions in Figure 5-3d were inaccessible due to the external tendons T15 and T16, 
which pass over the deviator rather than through it. 
    
(a) 
Dev. 1 Defect Key 
(b) 
Dev. 1 Scan 
(c) 
Dev. 2 Defect Key 
(d) 
Dev. 2 Scan 
 
Figure 5-3: Deviator Scans – GPR 
(Dev 1 Scan Depth: 4.44 in.; Dev 2 Scan Depth: 4.44 in.) 
 
5.5 Summary 
Implementing the GPR technique took approximately 191 hours.  This includes 
applying the grid system, scanning the specimen, and processing the data.  The grid 
system which was applied for the ultrasonic method was utilized for the GPR testing.  
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The application of this grid took approximately 116 hours.  The scanning and processing 
times are detailed in Table 5-1. 
 
Table 5-1: GPR Scanning & Processing Times 
 
 GPR 
Location 
Scanning 
Time 
(hours) 
Processing 
Time 
(hours) 
North Wall Exterior (including Flange) 12.25 5.0 
North Wall Interior 8.00 8.0 
South Wall Exterior (including Flange) 13.75 5.0 
South Wall Interior 8.75 8.0 
Deviator 1 1.0 2.0 
Deviator 2 1.0 2.0 
 
 
The collected data revealed the capabilities and limitations of the GPR method.  
It is highly effective at locating embedded steel ducts, but it cannot locate grout defects 
due to the strong observed reflections.  It is able to identify the plastic ducts, but 
provided no information about the condition of the grouted tendons.  This is possibly due 
to the size and orientation of the voids. 
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CHAPTER VI 
INFRARED THERMOGRAPHY 
 
6.1 Introduction 
Various materials absorb and release heat at different rates.  Therefore, the 
uneven cooling or heating of the specimen due to the metal or HDPE plastic ducts, the 
surrounding concrete, the good grout, and the various defects, should be identifiable in a 
temperature profile.  Infrared thermography (IRT) was thus chosen in an attempt to 
identify the various grout defects.  Solar energy was chosen as the heat source due to the 
size of the specimen. 
 
6.2 Procedure 
Williams’s (2014) research suggests that the IRT technique be applied when the 
ambient temperature is changing rapidly. This is when the method is most effective.  
Consequently, a temperature study of previous years was conducted to determine the 
most appropriate time to utilize this method.  Figures of the collected data appear in 
Appendix B.  The temperature study revealed that the images should be taken between 
the hours of 8:00 – 11:00 am and/or 4:30 – 7:30 pm.  All infrared images were taken 
during these time frames.  Experimentation proved that the evening pictures not only 
created safety concerns, as the sun set around 6:00 pm, but were also less useful, as the 
specimen took an immense time to cool.  
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Because of the size of the specimen, the angle of the camera lens, and physical 
limitations, eight images were required to capture the full length of each external wall, 
and twenty-one images were required to capture the full length of each interior wall.  
These photos were taken using a single temperature scale and later stitched together to 
produce one full length image.  The walls were photographed numerous times in an 
effort to capture the uneven cooling/heating.  Each round of images was taken 
approximately 10 – 15 minutes apart.  To maintain consistency, tripod locations were 
selected and marked along the perimeter of the specimen.  Both the girder walls and the 
end caps were photographed. 
 
6.3 Results 
The images of the North Wall are presented in Figure 6-1 and Figure 6-2, while 
Figure 6-3 and Figure 6-4 present the results from the South Wall.  The East End Cap 
images are shown in Figure 6-5 and Figure 6-6.  The West End Caps appear in Figure 6-
7.  A temperature scale for each image is provided.  
 
6.3.1 North Wall Results 
The angled images of the North Wall in Figure 6-1 do not reveal any information 
about the ducts or the grout defects.  However, from these images the surface condition 
can be assessed, as the uneven, grinded surfaces near the ends of the specimen and above 
the bottom slab are visible.  These are simply features from the construction process. 
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(a) Photographed from the NE 
 
(b) Photographed from the NW 
 
Figure 6-1: North Wall Exterior IRT Image 
 
The defect key for the North Wall appears in Figure 6-2, along with images of 
the interior and exterior.  While the rough anchorage zones and slab line are again 
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visible, the metal ducts are not.  In Figure 6-2c, a small warm rectangle appears on the 
flange near marker X (69 ft).  This is actually a 2 in. x 4 in. piece of lumber used in the 
formwork that remains in the specimen.  The piece of wood cools at a different rate than 
the surrounding concrete and so it is visible in the temperature profile.  
It should be noted that Figure 6-2d shows a fairly large temperature differential 
between the two ends of the wall.  In the morning, the interior west side of the North 
Wall receives direct sunlight while the east side is shaded.  While ideally, the entire 
specimen should be shaded or in direct sunlight, the orientation of the specimen did not 
provide such an opportunity.  This point becomes moot as the technology does not 
appear to be able to locate the internal ducts or their defects.  Please note that an external 
duct is visible in this image due to its proximity to the internal wall. 
 
 52 
 
(a) 
 
(b) 
 
(c) 
 
(d) 
 
 
Figure 6-2: North Wall Images – IRT: (a) Flange Defect Key (Plan View); (b) North Wall Defect Key; (c) Exterior Wall 
Image; (d) Interior Wall Image 
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6.3.2 South Wall Results 
The HDPE plastic ducts are not visible in the angled images of the South Wall in 
Figure 6-3.  The rough anchorage zones and slab line are visible. There are two 
anomalies in these images which are quite interesting.  The anchorage zones appear to be 
comparatively warmer than the rest of the specimen.  Warmer regions also appear along 
the wall surface on each side of center.  A full length IRT image of the girder wall will 
likely provide further information and perhaps offer an explanation for these abnormally 
warm regions.
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(a) Photographed from the SE 
 
(b) Photographed from the SW 
 
Figure 6-3: South Wall Exterior IRT Image 
 
The South Wall defect key, as well as the full length infrared images, is 
presented in Figure 6-4.  From this figure, it is apparent that the anchorage zones are 
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indeed warmer than the surrounding areas.  The two warmer spots on either side of 
center, which were identified in Figure 6-3, are clearly visible and correspond to the 
deviator regions.  It is possible that these regions are warmer due to the additional wall 
thickness.  Due to the proximity of the external ducts to the interior walls, an external 
tendon is visible in Figure 6-4d.  However, no internal ducts or grout defects are visible.   
It is likely that the ducts are embedded too far into the wall to be visible using 
infrared thermography.  These results are consistent with previous research.  Musgrove 
(2006) discovered that a temperature gradient of at least 135ºF (75ºC) is required in 
order to detect simulated voids with concrete covers of 2 in. (50.8 mm) or less, and 
Pollock et al. (2008) noted the difficulty in obtaining the necessary temperature gradient 
in thicker concrete specimens, particularly when the heat can propagate along the length 
and height of a specimen.  An exploration of the end cap regions should provide more 
promising results. 
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(a) 
 
(b) 
 
(c) 
 
(d) 
 
 
Figure 6-4: South Wall Images – IRT: (a) Flange Defect Key (Plan View); (b) South Wall Defect Key; (c) Exterior Wall 
Image; (d) Interior Wall Image 
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6.3.3 East End Cap Results 
From Figure 6-5 and Figure 6-6, it is apparent that the grout condition of the end 
cap regions is not consistent.  By compiling data from each of the images, it appears as 
though tendons T4, T11, T12, T17, T18, T19, and T20 have large grout defects, as they 
appear much warmer than the other end caps.  This might be expected if they are not 
completely grouted, but rather completely voided or filled with water.  Tendon T5 
appears to have a much smaller defect, as there is a distinct line across the end cap 
suggesting a material change.  That is, the end cap appears to be mostly grouted, but also 
contain a slight void or small water-filled cavity. 
After comparing with the defect key, these hypotheses are determined to be 
correct.  However, not visible in these figures is the complete void in tendon T2.  The 
end cap for tendon T2 appears to be pointed down and away from the eastern morning 
light.  Thus, it does not heat up like the other end caps with voids. 
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(a) East End Cap Defect Key 
 
(b) East End Cap Image - IRT 
 
(c) East End Cap Image - IRT 
 
Figure 6-5: East End Cap Images – IRT 
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(a) East End Cap Defect Key 
 
(b) East End Cap Image - IRT 
 
Figure 6-6: East End Cap Images – IRT 
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6.3.4 West End Cap Results 
From Figure 6-7, it appears as though tendons T1, T14, and T18 are completely 
ungrouted at the anchorage zone, while tendons T11, T12, T15, T16, T17, T19, and T20 
are partially ungrouted.  These regions are likely to be voided or contain water-filled 
cavities.  After comparing with the defect key, these hypotheses are deemed to be 
correct.  However, the small water defect in tendon T4 is not identifiable.  Additionally, 
the IRT camera does not appear to be able to distinguish between the water-filled 
cavities and voids or between “good grout” and soft grout.  However, it seems extremely 
reliable in determining whether a duct’s cross-section is fully grouted or if a water/void 
defect is present. 
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(a) West End Cap Defect Key 
 
(b) West End Cap Image - IRT 
 
(c) West End Cap Image - IRT 
 
Figure 6-7: West End Cap Images – IRT 
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While infrared thermography appears to identify ungrouted regions in the 
anchorage zones, it requires access to the end caps.  In practice, this access is quite 
limited, and the end caps are generally only visible from the side.  Images were thus 
taken of the end caps with practical access in mind.  Figure 6-8 shows the end caps for 
tendons T18 and T20 from the North side. Tendon T20 is known to be partially 
ungrouted and Tendon T18 is completely voided.  These facts are confirmed by the faces 
of the end caps in Figure 6-8.  However, the sides of the end caps appear to reveal 
nothing about the condition of the grout.  The line on the face of the end cap, which 
marks the temperature differential between the grout and the void in tendon T20, is not 
visible on the side of the end cap. 
 
 
Figure 6-8: Close-up of End Caps T18 and T20 
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6.4 Summary 
Implementing the infrared technique took approximately 25 hours.  This includes 
both collecting and post-processing the data.  The collection and processing times are 
detailed in Table 6-1. 
 
Table 6-1: IRT Collection & Processing Times 
 
 IRT 
Location 
Collection 
Time 
(hours) 
Processing 
Time 
(hours) 
North Wall Exterior (including Flange) 2.0 2.0 
North Wall Interior 2.0 4.0 
South Wall Exterior (including Flange) 2.0 2.0 
South Wall Interior 2.0 4.0 
West End Caps 1.0 1.5 
East End Caps 1.0 1.5 
 
 
From this table, it is apparent that the infrared technique is quite rapid.  
Unfortunately, the internal ducts were not identifiable along the length of the specimen.  
It is likely that the ducts are embedded too deep into the wall to be visible, as the 
required temperature gradient is not achieved.  However, the end caps appear to provide 
significant information about the condition of the anchorage zones provided access is 
available.  Table 6-2 summarizes and quantifies the IRT results. Most notable is the fact 
that 94.44% of the grout voids were detected in the anchorage zone.  
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Table 6-2: Summary of IRT Results in Anchorage Regions 
 
END CAPS 
Condition Total no. inspected 
Positively 
identified # 
and (%) 
Not positively 
identified # 
and (%) 
Grout Condition 9 4 (44.44) 5 (55.56) 
Voids 18 17 (94.44) 1 (5.56) 
Water infiltration 2 1 (50) 1 (50) 
Good Grout 7 7 (100) 0 (0) 
 
 
From Table 6-2, it is apparent that 100% of the ducts which were fully grouted 
with “good grout” were correctly identified.  However, the table also seems to suggest 
that the grout condition can be determined accurately 44.44% of the time.  It is important 
to note that in the four cases correctly identified, multiple defects were present.  It was 
not the condition of the grout (soft, gassed, unhydrated) that was identified in these 
regions, but rather the voids that accompanied them.  The five grout conditions which 
were not correctly identified were all completely grouted with soft grout.  Thus, IRT 
cannot distinguish between various grout conditions.  Therefore, what these numbers are 
truly trying to convey is the ability of the technology to determine if a duct’s cross-
section is fully grouted or if a void/water defect is present.    
Based on the IRT images, estimations of the severity of the grout defects were 
also made and compared to the true condition.  These results are presented in Table 6-3.  
Infrared thermography was able to identify the severity of the voids with extreme 
accuracy, the maximum relative error being only 9.1%.  The size of the water defects 
was not nearly as accurate, although this is likely attributed to the small sample size; that 
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is, only two water defects were inspected in the anchorage regions, compared to the 18 
void defects.  Finally, the soft grout was not distinguishable from good grout. 
 
 Table 6-3: Estimating Severity of Grout Defects in Anchorage Regions Using IRT 
 
Defect Tendon # Section Actual defect volume (%) 
Estimated defect 
volume (%) Error % 
Average 
error % 
END CAPS 
V1 T5 A-B 25.0 25.0 0.0 0.0 
V2 
T12 Y-Z 50.0 50.0 0.0 
8.3 
T15 Y-Z 50.0 50.0 0.0 
T16 Y-Z 50.0 50.0 0.0 
T17 Y-Z 50.0 50.0 0.0 
T19 Y-Z 50.0 50.0 0.0 
T20 Y-Z 50.0 25.0 50.0 
V4 
T1 Y-Z 100.0 100.0 0.0 
9.1 
T2 A-B 100.0 0.0 100.0 
T4 A-B 100.0 100.0 0.0 
T11 A-B 100.0 100.0 0.0 
T12 A-B 100.0 100.0 0.0 
T14 Y-Z 100.0 100.0 0.0 
T17 A-B 100.0 100.0 0.0 
T18 A-B 100.0 100.0 0.0 
T18 Y-Z 100.0 100.0 0.0 
T19 A-B 100.0 100.0 0.0 
T20 A-B 100.0 100.0 0.0 
W1 T4 Y-Z 25.0 0.0 100.0 100.0 
W3 T11 Y-Z 100.0 50.0 50.0 50.0 
GS1 
T12 Y-Z 50.0 0.0 100.0 
100.0 T17 Y-Z 50.0 0.0 100.0 T19 Y-Z 50.0 0.0 100.0 
T20 Y-Z 50.0 0.0 100.0 
GS2 
T2 Y-Z 100.0 0.0 100.0 
100.0 
T3 Y-Z 100.0 0.0 100.0 
T5 Y-Z 100.0 0.0 100.0 
T10 Y-Z 100.0 0.0 100.0 
T13 Y-Z 100.0 0.0 100.0 
 
 66 
 
In summary, infrared thermography is very effective in identifying voids and 
water, particularly when the defect is quite large.  However, it does not allow one to 
distinguish between voids and water.  Additionally, this technology can be used to 
determine if the end cap contains grout; however, it cannot be used to determine if the 
grout is soft. 
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CHAPTER VII 
CONCLUSIONS & FUTURE RESEARCH 
 
7.1 Conclusions 
Scanning a 75-ft (22.86-m) bridge girder was an immense undertaking. The 
process of preparing the testing grids and scanning the specimen took a total of 33 days.  
The approximate scanning and processing times for UST, GPR, and IRT are documented 
in Table 4-1, Table 5-1, and Table 6-1 respectively. The UST method was the most time 
consuming, taking a total of 278 hours to implement.  The GPR method took 
approximately 191 hours to implement.  The IRT method was the most rapid technique, 
taking only 25 hours.  This work has provided much information about the capabilities 
and limitations of the various technologies applied. 
 
7.1.1 Ultrasonic Tomography 
In summary, ultrasonic tomography was most successful at identifying the HDPE 
ducts.  However, the reflections caused by the plastic ducts make the internal tendon 
defects unidentifiable.  The thin-walled metal ducts seem to appear transparent to the 
acoustic wave, making the detection of grout defects a possibility.  While the results 
from the metal ducts are inconsistent, they suggest that the tomograph may be able to 
detect sizeable water-filled cavities within the ducts.  Additional research is needed to 
further explore the interaction of the ultrasonic stress wave with the water-filled cavities 
in thin walled metal ducts before any conclusion can be drawn.  Grout voids, however, 
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were not identifiable as suggested by previous research (Im et al. 2012, Martin et al. 
2001).   
The UST method is extremely time-consuming, especially since it requires the 
application of a grid system to the specimen.  This research does definitively assert that 
if the MIRA A1040 tomograph is to be utilized, the specimen should be scanned with 
the device oriented perpendicular to the element of interest for better resolution.   
 
7.1.2 Ground Penetrating Radar 
Ground penetrating radar was extremely effective at identifying the location of 
the metal ducts.  However, because the metal ducts produce strong reflections, any grout 
defects are unidentifiable.  This result is consistent with previous research and was 
expected.  However, better results were anticipated when plastic ducts were utilized 
based on the research conducted by Zhi-feng et al. (2012).  The difference in outcome 
could be due to a variety of parameters.  These include the concrete cover, duct 
diameter, and void construction.  In this research, the concrete cover was doubled, the 
diameter of the ducts was smaller, and the grout voids were not simulated by soft foams 
but rather consisted of legitimate air pockets.  Additionally, the orientation of the voids 
is a critical factor as noted by Pollock et al. (2008).  Additional research can be 
conducted to further test the limitations of this equipment and to determine which 
variables caused these results to differ from those of Zhi-feng et al. (2012). 
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7.1.3 Infrared Thermography 
Infrared Thermography had the most promising results.  Unfortunately, the 
internal ducts are embedded too deep into the girder walls for IRT to detect grout voids 
within the tendons, at least when using a passive solar energy approach.  However, the 
method was effective when looking at the end caps of the anchorage zones.  The FLIR 
T640 camera can almost definitively ascertain whether an end cap is fully grouted or 
contains some form of grout void, be it water or air.  While the equipment cannot 
distinguish between water-filled cavities and voids or determine the condition of the 
grout, the results are still quite impressive.  Almost 95% of the voids in the anchorage 
regions were correctly identified, and the size of the voids could be correctly estimated 
with a maximum relative error of 9.1%.  Assuming that access to the front face of the 
end-caps is available, the IRT technique shows great promise, at least at determining the 
condition at the anchorage regions. 
 
7.2 Future Research 
The current research on UST, GPR, and IRT should be expanded to investigate 
the limitations of UST in identifying water-filled cavities in metal ducts and to assess the 
effect defect orientation can have on identifying voids when using IRT or GPR.  
Additionally, active methods of IRT should be considered, in which heat sources other 
than solar energy are utilized, as larger temperature gradients can be obtained.  
Moreover, other IRT procedures should be investigated.  According to the experiments 
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conducted by Pollock et al. (2008), the most effective IRT method involved heating a 
specimen and then taking infrared images of the unheated surface. 
The manufacturers of the MIRA A1040 ultrasonic tomographer also produce 
another ultrasonic array system, the MONOLITH (EyeCon) A1220, pictured in Figure 7-
1a.  This ultrasonic pulse echo (UPE) device actually uses multiple closely spaced 
transmitters and receivers.  It consists of a 4 by 6 array of spring loaded transverse 
transducers.  However, unlike the MIRA system, the transducers do not change function.  
The first three rows function as transmitters and the last three rows function as receivers 
(Hoegh, 2013).  The various wave propagations are shown in Figure 7-1b.   
 
 
(a) 
EyeCon A1220 Device 
(Low Frequency Flaw) 
(b) 
Wave Projections 
(Catalog NDT) 
 
Figure 7-1: EyeCon A1220 Ultrasonic Flaw Detector 
 
The reflected signals collected by the receivers are averaged, reducing the effects 
of random reflections due to the inhomogeneity of the material and thus improving the 
signal to noise ratio.  The amplitude of the collected signal is plotted against time or 
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depth and can be used to identify voids or material thickness.  Given a signal amplitude 
threshold, these individual scans can be combined to create cross-sectional images 
detailing of the internal condition of the specimen.  Unlike the MIRA device, this system 
offers more versatility, as it can be configured to use a variety of transducers.     
The specimen should be scanned using other NDT methods.  Computerized 
tomography and impact echo are the most practical.  While computerized tomography 
might not be the most favorable NDT method, it is reliable and extremely accurate. 
Therefore, it should be used to verify the accuracy of the defect design.  At this point, 
impact echo appears to be the most promising NDT method. Oftentimes, the results from 
small scale studies do not transfer to large scale in-field tests.  The IE method has 
produced promising results in in-field tests previously and might be the most effective 
method (Jaeger et al. 1996, Tinkey and Olson 2007).   
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APPENDIX A 
TABLES 
 
Table A-1: Tendon Defect Types and Markers 
Marker Type of Defect Description of Defect 
LW1 Wire Section Loss Light-Moderate Wire Pitting (<15% WCS, <2% SCS, <1% TCS) 
LW2 Wire  Section Loss Severe Wire Pitting (35-65% WCS, 5-9% SCS, <1% TCS) 
LW3 Wire  Section Loss Extreme Wire Pitting (85-100% WCS, 12-14% SCS, <2% TCS) 
LS1 Strand  Section Loss 1-2 of 7 wires fully corroded (14-29% SCS, <3% TCS) 
LS2 Strand  Section Loss 3-4 of 7 wires fully corroded (43-57% SCS, 2-5% TCS) 
LS3 Strand  Section Loss 7 of 7 wires fully corroded (100% SCS, 5-9% TCS) 
LT1 Tendon  Section Loss 1-2 of 19 strands or 1-2 of 12 strands fully corroded (5-16% TCS) 
LT2 Tendon  Section Loss 3-4 of 19 strands or 2-3 of 12 strands fully corroded (16-25% TCS) 
LT3 Tendon  Section Loss 9-10 of 19 strands or 6-7 of 12 strands fully corroded (47-59% TCS) 
LT4 Tendon  Section Loss 19 of 19 strands or 12 of 12 strands fully corroded (100% TCS) 
CW1 Wire Corrosion Light-Moderate Wire Pitting (<15% WCS, <2% SCS, <1% TCS) 
CW2 Wire Corrosion Severe Wire Pitting (35-65% WCS, 5-9% SCS, <1% TCS) 
CS1 Strand Corrosion 1-2 of 7 wires fully corroded (14-29% SCS, <3% TCS) 
CT1 Tendon Corrosion 1-2 of 19 strands or 1-2 of 12 strands fully corroded (5-16% TCS) 
CT2 Tendon Corrosion 3-4 of 19 strands or 2-3 of 12 strands fully corroded (16-25% TCS) 
CT3 Tendon Corrosion 9-10 of 19 strands or 6-7 of 12 strands fully corroded (47-59% TCS) 
CT4 Tendon Corrosion 19 of 19 strands or 12 of 12 strands fully corroded (100% TCS) 
BS1 Strand Breakage 1 of 7 wires fractured (14% SCS, <2% TCS) 
BS2 Strand Breakage 3 of 7 wires fractured (43% SCS, 2-4% TCS) 
BT1 Tendon Breakage 1 of 19 strands or 1 of 12 strands fractured (5-8% TCS) 
BT2 Tendon Breakage 3 of 19 strands or 2 of 12 strands fractured (16-17% TCS) 
BT3 Tendon Breakage 10 of 19 strands or 6 of 12 strands fractured (50-53% TCS) 
BT4 Tendon Breakage 19 of 19 strands or 12 of 12 strands fractured (100% TCS) 
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Table A-2: MIRA Ultrasonic Sample Velocities 
North Wall Interior Scan 
Section Name Location (ft) Sample Velocities (m/s) Avg. Velocity (m/s) 
Section 1 6.30 – 12.13 2560, 2190, 2730, 2490, 2100 2414 
Section 2 12.13 – 22.95 2540, 2440, 2360, 2730, 2340 2482 
Section 3 22.95 – 27.87 2560, 2620, 2620, 2580, 2250 2526 
Section 4 27.87 – 48.05 2670, 2580, 2730, 2730, 2560 2654 
Section 5 48.05 – 52.97 2640, 2860, 2610, 2620, 2270 2600 
Section 6 52.97 – 63.31 2510, 2730, 2050, 2730, 2090 2422 
Section 7 63.31 – 68.64 2810, 2620, 2670, 2350, 2620 2614 
 
North Wall Exterior Scan 
Section Name Location (ft) Sample Velocities (m/s) Avg. Velocity (m/s) 
Section 1 0.00 – 12.39 2410, 2510, 2850, 2410, 2730 2582 
Section 2 12.39 – 22.23 2580, 2620, 2410, 2390, 2580 2516 
Section 3 22.23 – 37.49 2230, 2120, 2730, 2450, 2730 2452 
Section 4 37.49 – 52.25 2330, 2350, 2730, 2410, 2510 2466 
Section 5 52.25 – 62.09 2690, 2620, 2770, 2220, 2470 2554 
Section 6 62.09 – 75.00 2530, 3120, 2460, 2080, 1970 2432 
Flange Section 1 0.00 – 37.40 2640, 2540, 2520, 2630, 2560 2578 
Flange Section 2 37.40 – 75.00 2560, 2510, 2660, 2610, 2730 2614 
 
South Wall Interior Scan 
Section Name Location (ft) Sample Velocities (m/s) Avg. Velocity (m/s) 
Section 1 6.37 – 11.70 2660, 2090, 2610, 3190, 1840 2498 
Section 2 11.70 – 22.53 2430, 2670, 2670, 2640, 2620 2606 
Section 3 22.53 – 27.45 2670, 2590, 2700, 2640, 2760 2672 
Section 4 27.45 – 47.62 2640, 2530, 2730, 2630, 2760 2658 
Section 5 47.62 – 52.55 2850, 2640, 2510, 2730, 2420 2630 
Section 6 52.55 – 62.88 2650, 2670, 2840, 2650, 2560 2674 
Section 7 62.88 – 68.70 2580, 2730, 2770, 2730, 2620 2686 
 
South Wall Exterior Scan 
Section Name Location (ft) Sample Velocities (m/s) Avg. Velocity (m/s) 
Section 1 0.00 – 12.97 2550, 2640, 2450, 2230, 2580 2490 
Section 2 12.97 – 22.81 2610, 2380, 2510, 2440, 2440 2476 
Section 3 22.81 – 37.58 2770, 2250, 2460, 2430, 3040 2590 
Section 4 37.58 – 52.83 2460, 2670, 2590, 2520, 2180 2484 
Section 5 52.83 – 62.67 2570, 2310, 2260, 2250, 2840 2446 
Section 6 62.67 – 75.00 2610, 2530, 2340, 2730, 2410 2524 
Flange Section 1 0.00 – 37.60 2510, 2200, 2460, 2670, 2360 2440 
Flange Section 2 37.60 – 75.00 2370, 2670, 2520, 2610, 2580 2550 
 
Deviators 
Section Name Location (ft) Sample Velocities (m/s) Avg. Velocity (m/s) 
Deviator 1 N/A 2310, 2620, 2700, 2620, 2680 2586 
Deviator 2 N/A 2760, 2670, 2670, 2650, 2860 2722 
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APPENDIX B 
TEMPERATURE STUDY FIGURES 
 
 
(a) February 12 Temperature History 
 
(b) February 13 Temperature History 
 
Figure B-1: Temperature Study 
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(a) February 15 Temperature History 
 
(b) February 16 Temperature History 
 
(c) February 18 Temperature History 
 
Figure B-2: Temperature Study 
